It is proposed that the genesis of extracellular membrane vesicles in Gram-negative bacteria is a result of cell wall turnover. Peptidoglycan turnover would cause a turgor on the outer membrane, causing the outer membrane to bulge and finally bleb. Mechanical motion would then shear the blebs into the culture medium. z
Introduction
During cell division in Gram-negative bacteria, membrane vesicles are frequently found in the growth medium. The vesicles contain lipopolysaccharide, periplasmic proteins, outer membrane proteins and phospholipids [1^3] . Vesicles (de¢ned solely on basis of ultrastructure) have been reported in Actinobacillus actinomycetemcomitans, Bacteroides (Porphyromonas) gingivalis, Borrelia burgdorferi, Haemophilus in£uenzae, Neisseria gonorrhoeae, Pseudomonas aeruginosa and Serratia marcescens [4^10]. Endotoxic activity was detected in culture ¢ltrates of a Veillonella spp. [11] , suggesting the presence of vesicles. A review by Mayrand and Grenier [12] provides a description of the isolation, composition and biological properties of extracellular vesicles. The vesicles extruded into the growth medium are unlike membrane vesicles obtained from spheroplasts or protoplasts by mechanical means. The driving force for vesicle genesis has not been reported. It is known however, that disturbances in growth or in outer membrane integrity enhance vesicle formation [1, 8] . For example, antibiotics or starvation for amino acids may stimulate the formation of vesicles [1, 8] . It therefore appears that the transition from balanced to imbalanced growth may lead to the increased production of extracellular vesicles. Frequently, thin sections of Gram-negative bacteria reveal the presence of`blebs' which once removed from the cell surface become extracellular membrane vesicles.
Materials and methods

Bacterial strains and culturing conditions
Porphyromonas gingivalis strain 33277 was obtained from the American Type Culture Collection, Rockville, MD. P. gingivalis strains A7436 and W50 were obtained from Dr. R. Arnold, University of North Carolina. The growth of P. gingivalis strains W50 and A7436 was in Schaedler broth medium (DIFCO, Detroit, MI) [6] . The growth of P. gingivalis ATCC 33277 was in brain heart infusion broth (BBL Microbiology Systems, Cockeysville, MD) supplemented with hemin (10 Wg/ml) and vitamin K (1 Wg/ml) [6] . The cultures were grown in the Gaspak anaerobic system (BBL Microbiology Systems, Cockeysville, MD, N P -CO P -H P , 80:10:10) at 37³C for 2 days. All strains subcultured on Columbia anaerobic sheep blood agar (BBL Microbiology Systems, Cockeysville, MD) produced characteristic brown pigmentation and were con¢rmed to be Gram-negative coccobacilli by Gram stain.
Preparation of vesicles
Vesicles were prepared by the method of Grenier and Mayrand [6] . Cells from a 1-l vessel (2-day culture) were ¢rst removed from the growth medium by centrifugation (10 000Ug for 15 min). Then, over a period of 2 h, 240 g of ammonium sulfate was added to the culture supernatant (40% saturation). After a second centrifugation (20 000Ug for 40 min), the pellet was suspended in 16 ml of Tris bu¡er (50 mM, pH 9.5) containing 0.5 mM dithiothreitol. This suspension was dialyzed for 16 h against 6 l of the same bu¡er. The vesicles were then collected by centrifugation (27 000Ug for 40 min) and suspended in 10 ml of Tris bu¡er (50 mM, pH 7.2) containing 0.5 mM dithiothreitol, after which the vesicles were suspended in 1.5 ml of Tris bu¡er (pH 7.2) and kept at 320³C.
Preparation of outer membranes
Outer membranes were prepared by the method of Boyd and McBride [13] . Bacterial cells (2-day culture) were harvested by centrifugation at 10 000Ug at 4³C and washed three times with 0.15 M NaCl. The organisms were suspended in 0.15 M phosphate bu¡er (pH 7.4) containing 0.15 M NaCl and 0.01 M ethylene-diaminetetraacetic acid (EDTA). The suspension was incubated for 30 min at room temperature, sheared by passage through a 26-gauge needle with manual pressure, and sonicated at 40 W resonance for 10 s. The mixture was then centrifuged at 10 000Ug for 20 min. The supernatant was retained and centrifuged at 80 000Ug for 2 h. The yellowish, gel-like translucent pellets were suspended in distilled water, and the two centrifugations were repeated. The pellet was ¢nally suspended in distilled water and freeze-dried.
Electrophoresis of outer membranes and vesicle polypeptides
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) of outer membranes and vesicle polypeptides was carried out using the bu¡er system of Laemmli [14] . The stacking gel contained 4.5% acrylamide and the resolving gel, 10%. After the outer membrane or the vesicle preparation was solubilized in sample bu¡er, the samples were heated at 100³C for 10 min and applied to the gel. The electrophoresis was carried out at 4³C and at 100 V in the stacking gel, and at 200 V in the separating gel until the bromphenol blue dye reached the edge of the gel bottom. The polypeptides were stained with silver stain using the Bio-Rad silver stain kit (Bio-Rad Laboratories, Richmond, CA). The proteins used for standards and their molecular masses were myosin (205 kDa), L-galactosidase (116 kDa), phosphorylase b (97 kDa), bovine plasma albumin (66 kDa), ovalbumin (45 kDa) and carbonic anhydrase (29 kDa).
Nucleic acid electrophoresis
Conventional agarose electrophoresis [15] in the presence of ethidium bromide was used to detect nucleic acids in vesicle preparations. Genomic DNA was extracted from washed P. gingivalis by the proteinase K-SDS-cetylpyridinium chloride method and puri¢ed by precipitation with chloroform-isoamyl alcohol [15] . Samples of vesicles were also subjected to the same procedures.
Muramic acid and protein contents of vesicles
Muramic acid concentration was determined according to Hadzija [16] with some modi¢cations. Vesicles from P. gingivalis strains W50, ATCC 33277 and A7436 were hydrolyzed by heating for 18 h at 90³C with the same volume of 5 mol l 3I 
Results and discussion
In some cases, cell wall components, such as muramic acid, have been reported to be present in membrane vesicles of Gram-negative cells [2, 8] . There is a suggestion that autolysins may have a role in vesicle formation [1, 8] . We have analyzed more than eighteen vesicle preparations from P. gingivalis and found that muramic acid is present in each preparation (Table 1) . When the vesicles were mixed with equal volumes of 10% (w/v) trichloroacetic acid (TCA) it was observed the muramic acid was always soluble, suggesting that the muramic acid was in the form of low molecular mass compounds. Muramic acid in polymeric and cross-linked peptidoglycan is TCA-insoluble [17, 18] .
Many Gram-negative bacteria undergo cell wall turnover during growth. Turnover is de¢ned as the excision of peptidoglycan fragments from pre-existing cell wall [17] . In Gram-positive cells, the turnover products are liberated into the growth medium, not to be reutilized for growth. In Gram-negative bacteria, wall turnover products, usually in the form of low molecular mass muramyl peptides, cannot penetrate the outer membrane and are returned to the cell cytoplasm by oligopeptide permeases [19] . It thus appears likely that wall turnover products could exert a turgor [20] on outer membrane, causing the outer membrane to herniate and bleb. The blebs then become membrane vesicles (Fig. 1) . The model in Fig. 1 predicts that vesicles must contain wall turnover products. The presence of muramic acid in each preparation supports this premise. The ¢gure further predicts that vesicles should contain outer membrane and periplasmic components, but should be free of cytoplasmic molecules. When vesicle and outer membrane preparations were subjected to SDS-PAGE, the protein pro¢les were similar, con¢rming the presence of common proteins (Fig. 2) . Many of the bands revealed by the silver stain also re£ect the typical ladder pattern of lipopolysaccharides. A third test of the model (Fig. 1) is that vesicles must contain no DNA or cytoplasmic constituents. When vesicle samples were electrophoresed in conventional agarose-ethidium bromide, there were no traces of bands or chromosomal DNA (Fig. 3) . The rapidly migrating band in the lane representing control chromosomal DNA is probably RNA [15] , but no such bands were even observed in any of the vesicles. As predicted, it appears that the vesicles do not contain any nucleic acids. One ¢nal test was run to rule out the presence of cytoplasmic constituents. Vesicles and whole cell sonicates were assayed for malate dehydrogenase, a Table 1 Analysis of muramic acid and protein concentration in vesicles of P. gingivalis strains W50, ATCC 33277 and A7436 Muramic acid (Wg/ml) Protein concentration (Wg/ml) Muramic acid/protein concentration P. gingivalis W50 (n = 10) 23.6 1601 0.015 P. gingivalis ATCC 33277 (n = 7) 8 405 0.020 P. gingivalis A7436 (n = 1) 8 1500 0.005
Purity of vesicles was determined by electron microscopy. No intact bacteria were present. Protein was determined by use of the Coomassie kit of Pierce Chemical Co. Muramic acid was determined according to Hadzija [16] . n refers to the number of samples. refers to mean. known cytoplasmic enzyme [21] . Several assays at several protein concentrations failed to reveal the presence of the enzyme, even though the enzyme was detected in whole cell sonicates. It is concluded that the vesicles do not contain cytoplasmic constituents. Periplasmic constituents should be found in vesicles if the vesicles are produced as a result of wall turnover causing turgor on outer membrane (Fig. 1) . Extracellular protease should be`trapped' in extruded vesicles as they traverse the cytoplasmic membrane and the outer membrane. When vesicles were mixed with azocoll, dye was slowly released, showing the presence of proteolytic activity in the vesicles, a ¢nding consistent with another report [22] . Several independent experiments thus support the view that vesicles are generated as a result of cell wall turnover.
A di¡erent hypothesis for the generation of vesicles has been described by Wensink and Witholt [3] . They believe that an overproduction of outer membrane, compared to peptidoglycan, may lead to the blebbing of outer membrane. Interestingly, the vesicles from E. coli described by Wensink and Witholt possessed Braun's lipoprotein, a protein known to be at least partially bound to peptidoglycan. Our hypothesis does not require a high rate of outer membrane synthesis and a relatively lower rate of peptidoglycan synthesis. Although imbalanced growth may lead to increased vesicle formation, balanced growth may also lead to vesicles. It is required that the rate of bleb production during exponential growth be proportional to wall turnover and synthesis and to assembly of outer membrane. The presence of membrane vesicles in bacterial colonies has been reported [23] . The bacteria in developed colonies are mixtures of dead cells, division-arrested cells and actively dividing cells. Release of vesicles may thus be a result of loss of regulation of autolysin in some of the colonial bacteria.
In recent years, it has become clear that muramyl peptides and lipopolysaccharides may act synergistically in provoking in£ammatory responses [24] in experimental animals and humans. It is possible that membrane vesicles contribute to in£ammatory reactions due to the combined presence of muramyl peptides and lipopolysaccharide. 
